Recovery of myocardial high-energy phosphate (HEP) metabolism after coronary occlusion and reperfusion may vary with ischemic duration and may provide information about the extent of tissue viability. To evaluate the differences between varying durations of ischemia and to attempt to identify metabolic indexes of salvaged viable tissue, intact New Zealand white rabbits underwent either 30 (group 1; n = 8) or 60 (group 2; n = 8) minutes of coronary occlusion followed by reperfusion.
Recovery of myocardial high-energy phosphate (HEP) metabolism after coronary occlusion and reperfusion may vary with ischemic duration and may provide information about the extent of tissue viability. To evaluate the differences between varying durations of ischemia and to attempt to identify metabolic indexes of salvaged viable tissue, intact New Zealand white rabbits underwent either 30 (group 1; n = 8) or 60 (group 2; n = 8) minutes of coronary occlusion followed by reperfusion.
HEP metabolism was evaluated with cardiac gated phosphorus 31 (31P) nuclear magnetic resonance (NM) spectroscopy with a 2.0 T spectrometer. While similar HEP changes were observed during ischemia in both groups, differences in HEP recovery between groups were seen following reperfusion. Group 1 animals demonstrated a gradual decrease in inorganic phosphates (PI) (p < 0.05 versus group 2), an immediate recovery of phosphocreatine (PCr) (p = ns versus baseline), and a gradual increase of adenosine triphosphate (ATP) to pre-ischemic levels. Group 2 animals had elevated levels of Pi (p < 0.05 versus baseline; p < 0.05 versus group l), slow recovery of PCr, and continued reduction of ATP (p < 0.05 versus baseline; p < 0.05 versus group 1). Group 1 rabbits had a greater extent of viable myocardium than group 2 (77.1 k 9.7% of risk area versus 39.4 -t 9.4%; p < 0.001). Significant correlations were found between PCr and Pi reperfusion values and myocardial viability (r = 0.59, p < 0.05; f = 0.73, p < 0.01, respectively).
Thus differences between metabolic recovery after different durations of ischemia indicate the existence of graded metabolic recovery dependent upon the severity of the ischemic insult, and the correlations observed suggest that metabolic data may indicate tissue viability. HEP metabolic information available through the non-tissue destructive method of 3'P NMR spectroscopy may be useful in the evaluation of postischemic myocardial viability. (AM HEART J 1990; 120:31.) Lynette C. Wroblewski, BS, Alex M. Aisen, MD, Scott D. Swanson, PhD, and Andrew J. Buda, MD. Ann Arbor, Mich.
As the methods and frequency of clinical coronary reperfusion following acute myocardial infarction increase, there exists an increasing need for techniques that can evaluate the viability and potential recovery of salvaged cardiac tissue. While aggressive interventions such as coronary thrombolysis, percutaneous angioplasty, and coronary artery bypass sur-gery may be implemented to revascularize ischemic myocardium, the methods used to characterize tissue salvaged by these interventions have crucial limitations. Echocardiography and thallium scintigraphy provide functional and perfusion information that does not accurately identify viable tissue due to the myocardial stunning phenomenon1 or because of complexities of thallium uptake.2 Positron emission tomography (PET imaging) is used to directly evaluate metabolic activity via substrate uptake, but this method may have limitations due to delayed metabolic recovery following an acute ischemic insult3 Therefore the development of alternative methods with which to assess myocardial viability is desirable.
The noninvasive, non-tissue destructive method of phosphorus 31 nuclear magnetic resonance spectroscopy (31P NMR) is a new technique that offers potential for assessing metabolic injury and recovery.
July 1990
American Heart Journal 31P NMR directly evaluates the levels of high-energy phosphates (HEP) present in myocardium, a direct indication of the amount of energy available for myocardial viability and contractile function. Depletion of adenosine triphosphate (ATP) and other high-energy phosphate molecules such as phosphocreatine (PC,) may account for and/or contribute to the dysfunction of insulted myocardium and the disruption of myocardial cell integrity.4 Therefore the technique of 31P NMR spectroscopy to evaluate HEP metabolism may be useful in the assessment of reperfused myocardium.
Typical changes in HEP metabolism during periods of coronary artery occlusion and reperfusion using the technique of 31P NMR have been reported previously by many investigators.5-8 The experimental models have provided information about energy metabolism following myocardial injury. More recently, it has been demonstrated that it is possible to perform image-selected in vivo spectroscopy on the human heart,g and it has been suggested that this noninvasive technique may ultimately be useful in the clinical diagnosis and evaluation of cardiac disorders.lO-l2 Because of its noninvasive capabilities along with its ability to directly evaluate HEP stores, 31P NMR spectroscopy has the potential to accurately characterize tissue viability.13 To further investigate the role of 31P NMR spectroscopy to evaluate myocardial viability in a clinically relevant model of coronary occlusion and reperfusion, we designed a study that examined the differences in HEP metabolic recovery using 31P NMR spectroscopy following different grades of severity of myocardial injury.
METHODS
Animal model. Each of the following experimental procedures is in accordance with the "Guiding Principles in the Use and Care of Animals" approved by the Council of the American Physiological Society as well as with state and federal laws. Sixteen healthy New Zealand rabbits weighing 3.3 to 4.0 kg each were anesthetized with intramuscular injections of xylazine (10 mg/kg) and then ketamine (40 mg/kg). An internal jugular vein was isolated and cannulated for the administration of drugs and fluids. Rabbits were maintained under anesthesia by 0.1 ml boluses of pentobarbital sodium as needed throughout the protocol. Animals were intubated via tracheostomy and were placed on a small animal Harvard respirator (Harvard Apparatus Co., S. Natick, Mass.) with supplemental oxygen. The apparatus and validation of adequate oxygen delivery are described in detail elsewhere.5 A left thoracotomy was performed through the fifth intercostal space, and the pericardium was gently excised, exposing the lateral surface of the left ventricle. A reversible snare occluder was created by placing a 6-O suture around the marginal branch of the subepicardial left circumflex coronary artery slightly distal to the atrioventricular groove and threading a stronger extension of this suture through a small plastic tube. Distal to the suture placement, the radiofrequency coil, which is described below in detail, was secured onto the myocardium that was to be rendered ischemic. The reliability of this occlusion model has been detailed previously.5 Electrocardiographic (ECG) leads, to allow cardiac gated spectral acquisitions, were stitched into the muscle of the animals' limbs with stainless steel sutures. Animals were surrounded by a heating pad of a water bath maintained at 37' C and were wrapped in insulated covering. The rabbits were then carried into the NMR unit and placed in the 22 cm bore of the magnet.
Nuclear magnetic resonance spectroscopy.
A 2.0 T General Electric/Nicolet CSI-II nuclear magnetic resonance spectrometer (GE Medical Systems, Milwaukee, Wise.) was used to collect spectral data. The copper wire four-turn radiofrequency coil had a diameter of 13 mm and an axial length of 6 mm to assure near optimum circuit Q and concentration of the Bi field along the coil's axis. This arrangement was able to maximize the signal received from the myocardial area of interest while minimizing any contamination by nonischemic tissue. Capacitance losses were reduced using a balanced tuning circuiti whose unbalanced side was grounded within the magnetic bore. The silicone rubber that surrounded the coil and protected it from corrosion produced a short Tz (relaxation time) proton resonance that did not interfere with the proton water signal used in shimming. The maximum sensitivity of the coil was described at its surface through phamtom studies, and it was found to be 80 % of the signal received within 6 mm of axial distance.
Once placed inside the magnet and aligned with the maximum intensity of the magnetic field, the animal was not moved. The coil was tuned to 34.62 MHz, the resonating frequency for phosphorus at this field strength. Due to the relative abundance of water protons within the biologic system, shimming was performed on the proton signal with a pulse width of 30 MS in order to maximize field homogeneity. Water line widths of 0.3 to 0.5 ppm were obtained. 31P spectra were gated via ECG signals received at precisely the same point of the cardiac cycle to reduce unavoidable motion-related line broadening. After the collection of 256 transient averages, the time domain data was multiplied by an exponential function with 10 Hz line broadening and was Fourier transformed to yield the intensity versus frequency plot, i.e., the phosphorus spectrum.
For each spectrum, the areas under the five distinguishable phosphate peaks (inorganic phosphate [Pi] , PCr, alpha, beta, and gamma ATP) were calculated using a Lorentzian curve-fitting software program. Levels of ATP are represented by the P-ATP peak, since it is the most uncontaminated ATP resonance. Results are presented as relative percent areas of the total area of the five phosphate peaks. Since these areas will sum to 100%) their values will mathematically correlate.
Experimental protocol. After gathering baseline spectra, the coronary artery was ligated and the accumulation Volume 120
Number 1 Myocardial viability and 31P NMR 33 of the occlusion data was initiated. Because each spectrum required 10 + 1 minutes to be completed, animals were randomly assigned to either three (n = 8) or six (n = 8) consecutive collections, which resulted in either 30 + 3 or 60 + 6 minutes of ischemia, respectively. Following the appropriate duration of occlusion, the ligature was removed to allow reperfusion of the coronary artery. Three subsequent spectra were collected over a total of 30 + 3 minutes. The rabbit was then removed from the bore of the magnet and was left undisturbed to allow a total reperfusion period of 3.0 to 3.5 hours.
A cannula was then placed into the left atrium and the artery was reoccluded. Approximately 5 ml of Trypan blue stain was flushed through the left atrium to delineate the in vivo risk zone, while 5 to 10 ml of potassium chloride were simultaneously introduced into the jugular vein to arrest cardiac contraction. Hearts were excised, and the left ventricle was isolated, frozen, and sliced into 8 to 15 segments. Slices were then weighed and soaked in a solution of triphenyltetrazolium chloride (TTC) for 15 minutes.15 Following overnight compression and fixation in formalin, heart slices, risk areas, and infarct regions were traced using an opaque projector that enlarged the small slices and allowed for improved differentiation between stained areas. Myocardium within the risk region (defined by Tripan blue) that was not infarcted was considered viable myocardium. The areas were quantified by planimetry and, with the respective weights, percentages of risk area, infarct area, and viable area were calculated. Statistical analysis. The data generated through the GE/Nicolet Lorentzian software and the planimetry analysis were expressed as mean + SEM. Differences both between the experimental groups and among the various time points were identified through one-way analysis of variance (ANOVA) and then unpaired, two-tailed Student's t tests were performed. Correlations between viability and HEP levels were calculated by linear regression analysis.
RESULTS

Hemodynamics.
Heart rates of the animals were relatively constant over the time course of the protocol, with no significant difference calculated at each point relative to baseline. Also, no differences were seen between groups of animals.
NMR data. Temporal changes in the levels of HEP are represented by the NMR spectral stacked plots in
Figs. 1 and 2. Fig. 1 is a typical plot of an animal in group 1 that was reperfused after 30 minutes of ischemia. In Fig. 2 , a representation of group 2 animals, those reperfused after 60 minutes of ischemia are shown. Relative percent areas of the peaks corresponding to Pi, PCr, and ATP are summarized in Table I .
Marked changes in high-energy phosphates were observed immediately after the initial ischemic insult. In both groups of animals, levels of Pi increased rapidly from baseline levels and remained consistently elevated over time (p < 0.05 versus baseline), as shown in Fig. 3 . Beyond 30 minutes of ischemia, Pi levels continued to rise, reaching 69.5 & 3.0% by the final (60-minute) acquisition period (p < 0.05 versus initial 30 minutes of ischemia). With this increase in Pi, concurrent decreases were seen in levels of PCr ' (Fig. 4) and ATP (Fig. 5) , While the level of PCr remained as low as the initial loss throughout the ischemic period, the decline of ATP appeared gradual and continuous, decreasing from 11.4 * 1.9% in the first 10 minutes to 4.8 f 0.7% at 60 minutes of ischemia.
With reperfusion, some similarities as well as differences between groups were observed. Animals in group 1 exhibited decreases in Pi levels, which fell to baseline values by the final reperfusion period. Group 2 animals showed a gradual decline in Pi levels after reperfusion, but by the final acquisition period, these levels remained significantly elevated above baseline values (52.8 f 4.6% versus 22.1 -t 2.0%; p < 0.05). Throughout the entire reperfusion period, group 1 rabbits had significantly lower levels of Pi than group 2 rabbits (p < 0.05).
Recovery of PCr stores also progressed differently in the two groups. Upon reperfusion, PCr in group 1 animals returned to baseline levels within the first spectral acquisition period, while group 2 animals did not regain pre-ischemic levels of PCr until the final period of reperfusion (p < 0.05: group 1 versus group 2 for the second period of reperfusion). In both cases, the final level of PCr was significantly higher than that of early (0 to 20 minutes) occlusion 0, < 0.05).
In terms of ATP levels, group 1 animals had a better recovery than did group 2 animals. For group 1, ATP levels approached baseline by 30 minutes of reperfusion (JJ = ns versus baseline). However, in animals that underwent 60 minutes of ischemia, ATP levels remained markedly decreased compared with baseline 03 < 0.05). Reperfusion after 60 minutes of ischemia halted further depletion of ATP in group 2, but after 30 minutes of reperfusion, significantly lower levels of ATP were detected in group 2 animals than in group 1 animals (5.6 + 1.1% versus 10.8 -t 1.7%; p < 0.05).
Infarct size data (Table II) . While no differences were present in the average weights of the left ventricle (2.7 versus 3.0 gm; p = ns) or risk area (1.3 versus 1.5 gm) or of the percentage at risk (50%) between the two groups of animals, the mean weight of infarct (0.4 * 0.2 versus 0.9 f 0.3 gm, group 1 versus group 2, respectively; p < 0.001) along with the extent of viability was found to differ significantly. In group 1, 86.8 ? 7.7% of the left ventricle was viable tissue, whereas group 2 was found to have One baseline, six ischemic, and three reperfusion spectra correspond to the time points outlined in Table I. 69.6 + 8.1% of tissue remaining viable (p < 0.0005).
The difference was more dramatic when the viability was expressed as a percentage of the risk area (77.1 + 9.7% versus 39.4 f 9.4%, p < 0.0001). Averages taken over the entire 30-minute reperfusion period indicate that both Pi and PCr were significant markers of myocardial viability in this experimental model (F = -0.73, p < 0.01; and F = 59, p < 0.05, respectively). Expressed as the ratio of relative percent areas, PCr/Pi correlated significantly with myocardial viability as well (F = 0.71; p < 0.01).
DISCUSSION
Our results indicate that high-energy phosphate metabolism measured by 31P NMR may be useful in directly evaluating myocardial viability of the left ventricle following coronary occlusion and reperfusion. The differences in HEP recovery observed between the two study groups indicate the metabolic effects following different durations of ischemia. The inability of severely injured myocardium to restore levels of ATP while retaining high levels of Pi suggests the importance of the extent of salvaged myocardial tissue in the maintenance of HEP metabolic integrity, which ultimately determines the potential for myocardial contractility.
Moreover, the significant correlations of tissue viability with the levels of PCr present during myocardial reperfusion as well as its inverse relationship to inorganic phosphates suggest the possibility of utilizing these parameters to assess salvaged myocardial tissue. Clearly, the ability to determine the extent of tissue that has been salvaged following interventions such as coronary reperfusion has tremendous clinical relevance. Furthermore, the 31P NMR spectroscopic assessment of HEP metabolism as an indication of tissue viability may have significant advantages over other available techniques.
A wide variety of other methods have been used in an attempt to assess myocardial viability following coronary reperfusion. However, many of these techniques have major limitations that restrict their ability to accurately evaluate the viability of myocardial tissue. For example, thallium 201 scintigraphy is limited by complex 201Tl kinetics, which may be markedly altered around the time of reperfusion.16F I7 Furthermore, 201T1 can accumulate in necrotic as well as in viable tissue, resulting in an overestimation of tissue salvage.2 Functional assessment, including contrast and radionuclide angiography and two-dimensional echocardiography, may in- accurately characterize viable tissue as irreversibly damaged due to the post-reperfusion phenomenon of temporarily stunned my0cardium.l Especially when utilized early after reperfusion, these techniques are of limited usefulness and may significantly underestimate the extent of tissue viability.
More recently, positron emission tomography has emerged as the preferred technique for assessment of tissue salvage. The uptake and clearance of "C palmitic acid indicates the extent of fatty acid metabolism, but this process of energy production is compromised in oxygen-deprived ischemic myocardium.3 Using lsF-fluorodeoxyglucose (FDG) and lactate production, the anaerobic glycolytic pathway may be followed, indicating the capacity for substrate utilization within the myocardium and consequently its viability. The continuation of anaerobic metabolism, while inferior to the highly energy-productive oxidative phosphorylation, indicates that myocytes, although damaged, remain viable.lg Because blood flow and FDG uptake are reduced in infarcted tisue,20 characterization of tissue through FDG uptake or glucose utilizatio+ may be possible. However, reported relationships between FDG uptake and the extent of necrosis3 are not superior to the correlations between HEP levels and viability reported here, using 31P NMR. Th e evaluation of high-energy phosphate stores through 31P NMR may provide the most direct information about the viability and contractile potential of reperfused myocardium and may further il----- complement the metabolic information assessed by positron tomography.
Rehr et a1.13 have recently investigated the potential of 31P NMR spectroscopy to characterize myocardial tissue. They examined two experimental groups of dogs wherein one group underwent permanent sustained occlusion while the other underwent 1 hour of occlusion followed by reperfusion. The resulting infarct sizes, expressed as a percentage of the risk region, were widely disparate (14 t-8% versus 109 + 11% ; p < 0.0001). They suggested that the analysis of seven metabolic variables (pH, PCr, ATP, Pi, and the ratios of PCr/ATP, Pi/PCr, Pi/ATP) may provide sufficient information about the condition of myocardial tissue to determine its viability. In their study, they were able to distinguish normal, ischemic, and reperfused yet viable myocardium by logistic regression analysis with an overall accuracy of 89%. In a subsequent study by the same group of investigators,22 the accuracy of using the 31P NMR data for distinguishing viable from infarcted myocardium was 100%) and their results indicated that PCr was the metabolic variable permitting most effective separation of viable and infarcted tissue. Their results, in concert with our own data, support the hypothesis that HEP metabolism, as evaluated by NMR spectroscopy, may be valuable in the characterization of myocardial tissue viability.
The different durations of occlusion utilized in our investigation produced varying degrees of myoardial injury and various degrees of metabolic recovery following coronary reperfusion. Animals were subjected to either 30 or 60 minutes of ischemia, as these time intervals have been described as distinctly different in the development of necrotic tissue in rabhits. the intact rabbit, 15 to 30 minutes of ischemia results in significantly less left ventricular necrosis than 60 minutes of ischemia, which often causes entire transmural infarcts. The differences in metabolic recovery observed following the two periods of ischemic injury suggest a continuum of metabolic recovery following reperfusion reflecting the extent of salavaged viable myocardium.
Recently, Wolfe et a1.24 examined 31P NMR spectra in a rodent model of reversible myocardial ischemia using a modified solenoid coil implanted around the heart. In agreement with our results, animals subjected to 30 minutes of myocardial ischemia showed significant PCr recovery, whereas those subjected to 60 minutes of ischemia had no PCr recovery. Also in accord with our results, /3-ATP was reduced during ischemia and did not recover in the initial reperfusion period. However, these investigators did not perform quantitative analysis of risk re-gion or infarct size, and did not report correlations between metabolic results and salvaged, viable myocardium. In this regard, our data further extend their observations by demonstrating that a significant correlation exists between the degree of metabolic recovery and the tissue viability of salvaged myocardium.
To our knowledge, the only other study to investigate a wide range of myocardial injury in the rabbit using 31P NMR utilized the isolated heart preparation.
Periods of ischemia ranging from 10 to 60 minutes produced changes in HEP metabolism and function recovery. The in vitro study, which accumulated data with a 4.7 T magnet, reported end-ischemic ATP levels as the best predictor of left ventricle functional recovery. The failure of our study to identify ATP as a reliable predictor of myocardial viability is in accordance with the findings of other reports of metabolic recovery in reperfused myocardium.4, 13, 26, 27 Ellis et al.28 have demonstrated that following 90 minutes of coronary occlusion, intact dogs did not recover baseline levels of ATP until 7 days after reperfusion. The limited production of ATP through anaerobic glycolysis, which may persist even after coronary reperfusion has occurred,2gs 3o the slow synthesis of adenine nucleotides through the de novo or salvage pathways,4 or the poor spectral resolution at the frequency of B-ATP, may account for the inability of post-reperfusion ATP levels to predict tissue viability in our model.
Our results suggest that 31P NMR may further complement the current evaluations of myocardial tissue viability by assessing the status of high-energy phosphate metabolism, which directly indicates the extent of tissue salvage. Furthermore, there are several advantages of 31P NMR spectroscopy over PET imaging and other methods of viability assessment. The most obvious is that 31P NMR spectroscopy is potentially totally noninvasive with the use of a surface coil. This would allow serial evaluation of the post-infarct patient to determine HEP metabolic capacity. Thus alterations in the extent of tissue viability over time could be examined, or alternatively, alterations of viability following various myocardial interventions could be assessed. Using 31P NMR, specific biochemical processes can be quantified, such as the flux of the creatine kinase reaction vital to ATP synthesis through saturation transfer kinetic investigations, an "invisible labeling" technique. 31 However, 31P NMR requires further technical improvements, including the development of a three-dimensional volume localization process, compensation for saturation effects, and improvement in instrumentation to decrease the signal-to-noise ratio, before this technique can be reliably applied to humans.
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